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INTRODUCTION 


The  primary  welding  process  used  for  joining  thick  section  steel  components  in  the  U.S.  Army  Ml  main  battle  lank 
is  gas  metal  arc  welding  (GMAW).  This  process  requires  the  use  of  a  shielding  gas  to  protect  the  molten  steel  from 
atmospheric  contamination  and  to  provide  the  desired  welding  arc  characteristics.  A  variety  of  gases  and  gas  mixtures 
are  used  depending  on  the  metal  and  type  of  joint  being  welded. 

A  sufficient  flow  of  any  of  the  inert  gases  will  prevent  atmospheric  contamination.  Atmospheric  elements  such  as 
nitrogen  can  reduce  the  ductility  and  impact  strength  of  steel  welds.  Contamination  with  hydrogen  can  cause  hydrogen 
embrittlement  which  may  result  in  catastrophic  failure  of  weldments. 

Active  gases  such  as  CO2  or  O2  are  often  added  to  the  inert  shielding  gas  when  GMA  welding  steel.  They  promote 
arc  stability,  puddle  fluidity,  and  good  fusion  between  the  weld  and  base  material. 

Shielding  gases  also  determine  the  mode  of  metal  transfer^  from  the  filler  metal  to  the  weld  pool,  and  the  depth  to 
which  the  work  piece  is  melted  (depth  of  penetration).  The  physical  properties  of  gases  that  affect  their  performance 
characteristics  include:  density,  ionization  potential,  oxidizing  potential,  electrical  conducth'ity,  and  thermal  conduc¬ 
tivity.  Rather  than  examine  the  effect  of  each  property  individually,  the  effect  of  each  gas  on  performance  charac¬ 
teristics  will  be  briefly  reviewed. 

Pure  argon  is  usually  used  for  all-position  welding  aluminum,  zirconium,  titanium,  and  nickel  base  alloys.  It 
provides  excellent  spray  transfer  characteristics  but  is  seldom  used  on  steel  without  being  mixed  with  one  of  the  active 
gases.  Argon  is  the  cheapest  inert  gas  available  in  the  United  States. 

Helium  does  not  provide  as  stable  of  an  arc  as  does  argon.  However,  due  to  its  higher  thermal  conductivity,  it  is 
reported  to  develop  a  broader  weld  pool.  Argon-helium  mixtures  are  often  used  to  obtain  the  low  spatter  and  arc 
stability  of  argon  as  well  as  the  increased  heat  input  of  helium.  The  mixture  25%  Ar-75%  He  is  commonly  used  for 
automated  welding  of  thick  section  nonferrous  materials,  but  is  infrequently  used  for  steel. 

The  active  gases  CO2  and  O2  basically  provide  the  same  performance  characteristics,  and  one  or  the  other  is 
almost  always  added  to  the  inert  gases  when  welding  steel.  Oxygen  is  the  more  oxidizing  of  the  two,  so  about  onc-half  to 
one-tenth  as  much  is  usually  used  than  if  CO2  was  added.  Oxygen  additions  are  usually  between  1  and  5%,  whereas 
CO2  can  be  up  to  50%.  Pure  CO2  can  be  used  for  a  number  of  applications  such  as  low  current  short  circuiting  transfer, 
but  the  arc  tends  to  be  too  violent  with  a  great  amount  of  spatter.  Desirable  spray  transfer  is  not  obtained  when  the  gas 
mixture  contains  more  than  about  15%  C02.^  Instead,  the  resulting  transfer  mode  is  globular  which  tends  to  produce 
excess  spatter. 

A  number  of  triple  gas  mixes  of  Ar/He/C02  have  been  developed  for  use  in  short  circuit  transfer  welding,  also 
known  as  short  arc  welding.  These  have  found  limited  applications  to  date,  primarily  out  of  position  welding  of  siainlc.ss 
steel.  One  commercial  mixture,  Linde’s  ST  ARGON,  comb’mes  AtIOz/COz  and  can  be  used  for  spray  transfer. 

A  four-gas  mixture  has  recently  been  developed  which  combines  Ar/He/C02/02.  This  mixture  is  being  distributed 
under  the  trade  name  of  “Transferred  Ionized  Molten  Energy”  (TIME)  and  has  a  composition  of  25-35%  He,  6.7-8.5% 
CO2,  03-0.8%  O2,  and  the  balance  argon  for  carbon  steel;  and  52-60%  He,  2.5-3.4%  CO2,  0.1-0.3%  O2,  and  the  balance 
argon  for  stainless  steel.  Due  to  the  fact  that  this  mixture  has  been  patented  and  is  manufactured  exclusively  in  Canada, 
it  is  much  more  expensive  than  any  of  the  other  mixtures. 

The  TIME  gas  has  received  some  publicity^  and  shows  promise  for  increasing  weld  deposition  rates.  Magusin^  has 
found  that  welds  made  with  TIME  gas  can  exhibit  sufficient  mechanical  properties,  but  did  not  compare  the  TIME  gas 


1.  M!G  Welding  Handbook.  Union  Carbide  Corporation,  Linde  Division,  Donbury,  CT  January  1984. 

2.  niRCHFIELD,  J.R.  High-Rate  Welds  Need  More  Current,  a  Different  Gas,  and  Gun  Cooling.  Weld  Design  and  Fabrica¬ 
tion,  June  1985. 

3.  MAGUSIN.  J.  Mechanical  Properties  of  EHS  andAR  Steel  Welded  with  TIME  Process.  Svensktal  TR  87-0303,  February 
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welds  to  welds  made  with  other  gases.  Rodwell'*  compared  TIME  gas  to  Air2Q%  CO2  and  found  that  the  TIME  gas 
could  exhibit  higher  deposition  rates.  However,  he  never  used  the  same  electrode  extension  on  both  gases;  the  TIME 
gas  welds  always  had  a  29-mm  extension  and  the  Ar/20%  CO2  always  had  an  18-mm  extension.  Also,  the  TIME  gas  was 
always  welded  with  a  higher  voltage.  Since  it  is  very  well  known  that  increasing  electrode  extension  and  voltage  increase 
deposition  rates,  his  study  must  be  considered  inconclusive.  Additionally,  it  is  known  that  mixtures  with  more  than  15% 
CO2  are  normally  used  for  low  current  short  circuit  transfer,  not  for  high  deposition  rate  welding. 

Since  no  direct  comparisons  of  the  weldability  of  different  gases  using  identical  welding  conditions  (including  iden¬ 
tical  nozzle,  stickout,  voltage,  current,  etc.)  are  available,  this  investigation  will  concentrate  on  direct  comparison  experi¬ 
ments.  Perhaps  the  lack  of  direct  comparisons  is  due  to  the  misnomer  of  referring  to  the  use  of  TIME  gas  as  a  “TIME 
process.”  The  correct  term  is  the  gas  metal  arc  welding  process  using  a  TIME  gas  and  nozzle.  The  TIME  nozzle  is 
recessed  which  forces  the  use  of  a  larger  electrode  extension  which,  in  turn,  gives  higher  deposition  rates.  Neither  the 
American  Welding  Society,  National  Bureau  of  Standards,  Department  of  Defense,  or  International  Institute  of  Welding 
recognize  the  existence  of  a  TIME  process.  TIME  is  simply  the  trade  name  developed  by  the  gas’s  distributor.  Weld 
Process  International. 


EXPERIMENTAL  PROCEDURE 

A  Linde  650  CV/CC  power  supply  was  used  in  the  constant  voltage  mode  for  GMAW.  This  has  a  maximum  output 
of  44  volts  and  650  amps  at  100%  duty  cycle.  A  Linde  Digimatic  II  controller  was  used  and  the  maximum  wire  feed  rate 
was  2000  inches  per  minute  (ipm). 

Most  welding  was  performed  on  high  hard  armor  steel  conforming  to  MlL-A-46100.  This  steel  composition,  along 
with  the  composition  of  the  Linde  95  welding  filler  metal  conforming  to  AWS  A5.28-79  (ER-lOOS-1),  is  shown  in  Table  1. 


Table  1,  COMPOSITION  OF  THE  STEEL  USED  IN  THIS  STUDY 


C 

Si 

Mn 

Cu 

P 

Ni 

3 

Al 

Cr 

Mo 

M1L-A-461CX) 

0.31 

0.41 

0.97 

0.38 

0.011 

1.21 

0.008 

0.044 

0.51 

0.50 

Linde  95 

0.06 

0.35 

1.65 

— 

0.007 

1.75 

0,020 

— 

0.10 

0.35 

Two  types  of  gas  nozzles  were  used:  A  TIME  torch  purchased  from  Weld  Process  International,  and  a  convention¬ 
al  nozzle  purchased  from  Linde.  Thirteen  gas  mixtures  were  evaluated:  Pure  argon,  75%  Ar/25%  He,  65%  Ar/35%  He, 
50%  Ar/50%  He,  25%  Ar/75%  He,  Ar/2%  O2,  Ar/5%  O2,  Ar/5%  CO2, 65%  Ar/25%  He/10%  CO2,  70%  Ar/25% 

He/5%  C02,  TIME  1,  TIME  2,  and  TIME  3. 

Bead-on-plate  GMA  welds  were  performed  at  four  voltages,  two  electrode  stickout  distances,  and  with  two  dif¬ 
ferent  nozzles.  At  each  of  these  16  conditions,  the  wire  feed  rate  was  increased  to  determine  the  transition  current  from 
globular  to  spray,  and  from  spray  to  rotational  metal  transfer.  The  maximum  deposition  rate  was  then  calculated  for 
welds  with  stable  metal  transfer.  Bead  profile  and  depth  of  penetration  were  also  determined  for  stable  welds  with  maxi¬ 
mum  current. 

Diffusible  weld  hydrogen  was  measured  for  representative  welds  on  both  high  hard  armor  steel  conforming  to 
MIL-A-461(X)  and  mild  steel  (A36).  Based  on  results  of  a  related  research  effort  at  MTL,  the  American  Welding 
Society  method  A4.3-86  was  used  with  a  Yanaco  hydrogen  analyzer  model  G-1006.  This  method  is  based  on  gas 
chromatography  to  ensure  that  only  hydrogen  is  measured  and  that  solubility  errors  associated  with  the  glycerin  test 
method  are  eliminated. 


*  GEDEON,  s.  A.  Measurement  of  Hydrogen  in  Welds.  Results  to  be  published. 

4.  RODWELi..  M.  II.  Evaluation  of  the  Perfonnance  Process  MIG  Welding  System.  The  Welding  Institute,  LD  22983/83, 
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After  all  of  the  previous  results  were  analyzed  and  a  cost  comparison  performed,  mechanical  property  specimens 
were  welded  using  three  gas  mixtures  and  three  heat  inputs.  The  mechanical  properties  measured  included:  yield 
strength,  ultimate  tensile  strength,  percent  elongation,  percent  reduction  in  area,  and  Charpy  V-notch. 

RESULTS 

Screening  tests  confirmed  that  gas  mixtures  which  did  not  contain  active  gases  such  as  O2  or  CO2  were  unsatisfac¬ 
tory  for  welding  steel  due  to  poor  arc  stability,  excess  spatter,  and  poor  puddle  fluidity.  However,  various  Ar/He  mix¬ 
tures  were  used  later  in  this  study  to  understand  the  effect  of  helium  on  deposition  rate  and  current. 

Bead-on-plate  GMA  welds  were  made  at  25, 30, 35, 40,  and  44  volts,  and  the  wire  feed  rate  increased  to  determine 
the  maximum  deposition  rate  possible  before  the  arc  became  unstable. 

Figures  1  through  7  show  the  range  of  globular,  spray,  and  rotational  metal  transfer  as  a  function  of  arc  voltage  for 
the  seven  remaining  gases.  These  figures  are  presented  as  the  maximum  wire  feed  rate  that  will  sustain  globular  or  spray 
transfer  at  each  voltage.  Figures  that  do  not  show  data  points  for  the  lower  voltages  mdicate  that  satisfactory  welds 
could  not  be  made  at  those  welding  conditions.  At  1-3/16"  tip  to  work  distance  (referred  to  here  as  stickout),  95% 

Ar/5%  02  was  the  only  gas  to  exhibit  satisfactory  welds  at  all  voltages.  However,  it  also  had  the  lowest  transition  from 
spray  to  rotational  metal  transfer. 

All  of  the  gases  studied  (not  including  the  Ar/He  mixtures)  could  sustain  quasi-stable  rotational  metal  transfer  at 
feed  rates  of  up  to  2000  ipm.  However,  once  the  spray  to  rotational  transition  is  passed,  the  definition  of  maximum 
acceptable  wire  feed  rate  becomes  unclear.  The  issue  of  maximum  acceptable  deposition  rate  will  be  addressed  in  the 
Discussion  section. 

Figures  8  through  14  illustrate  the  effect  of  using  the  TIME  torch  nozzle  while  maintaining  a  constant  electrode 
extension.  The  TIME  nozzle  had  little  effect  on  most  of  the  transition  ranges  except  that  it  significantly  increased  the 
spray  range  for  the  95%  Ar/5%  O2  gas,  while  saaificing  the  ability  to  weld  at  low  voltages.  The  TIME  nozzle  also  stabi¬ 
lized  the  spray  transfer  at  very  high  voltages  for  the  TIME  2  gas. 

The  stickout  was  varied  to  show  the  effect  on  the  globular,  spray,  and  rotational  transfer  regions.  Figures  15 
through  17  illustrate  the  resulting  ranges  for  three,  gases  at  3/4"  stickout.  The  lower  stickout  increased  the  ranges  of  the 
95%  Ar/5%  O2  and  95%  Ar/5%  CO2  gases,  but  reduced  the  range  of  the  TIME  2  gas. 

The  use  of  the  TIME  torch  nozzle  at  3/4"  stickout  is  compared  in  Figures  18  through  20.  The  TIME  torch  nozzle 
seems  to  have  either  little  effect  or  an  adverse  effect  at  the  lower  stickouts. 

Regardless  of  the  nozzle,  the  lower  stickout  reduced  the  maximum  rotational  wire  feed  rate.  This  was  due  to  the 
arc  becoming  “buried”  at  the  higher  feed  rate.  The  arc  would  become  unstable  with  a  resulting  violent  pool  action  and 
excessive  spatter. 

The  amount  of  hydrogen  absorbed  as  a  function  of  gas  and  base  metal  composition  was  determined.  The  amount 
of  diffusible  hydrogen  was  determined  using  the  procedures  set  forth  in  AWS  A4.3-86. 

Figure  21  shows  the  diffusible  hydrogen  content  of  welds  made  with  spray  metal  transfer  (low  deposition  GMAW 
parameters  in  Table  2)  as  a  function  of  the  amount  of  oxygen  is  the  argon  shielding  gas.  Figure  22  shows  the  effect  of 
various  additions  of  CO2.  Figure  23  compares  the  effect  of  adding  2%  O2  and  2%  CO2  to  the  pure  argon  shielding  gas. 

The  diffusible  hydrogen  content  of  TIME  2  gas  welds  is  shown  in  Figure  24.  Also  shown  in  this  figure,  are  welds 
made  with  the  65%  Ar/25%  He/10%  CO2  shielding  gas.  As  can  be  seen,  both  the  three-  and  four-part  combinations  con¬ 
taining  helium  absorb  much  more  hydrogen  than  any  of  the  binary  gas  mixtures. 

The  effect  of  ba.se  metal  composition  is  demonstrated  in  Figure  25.  In  this  experiment,  high  hard  armor  steel  was 
used  for  the  diffusible  hydrogen  specimen  rather  than  the  mild  steel  specimens  normally  used  in  AWS  A4.3-S6.  As  can 
be  seen,  the  armor  steel  picks  up  much  more  hydrogen  than  mild  steel.  This  trend  is  reiterated  in  Figure  26  which  shows 
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that  armor  steel  picks  up  more  hydrogen  using  98%  Ar/2%  O2  gas  as  well.  Figure  27  confirms  that  46100  welds  made 
with  2%  CC)2  absorb  less  hydrogen  than  welds  made  with  2%  O2. 


Table  2.  WELDING  PARAMETERS  USED  IN  THIS  STUDY 
(UNLESS  OTHERWISE  STATED) 


Process 

Low  Dep  GMAW 

High  Dep  GMM<J 

Voltage 

30  Volts 

40  Voil.> 

Current  (approx) 

220  Amps 

400  Amps 

Travel  Speed 

20  in./min 

28  in./min 

Wire  Feed  Rate 

350 

1000 

Contact  Tip-to-Work 

1-3/16" 

1-3/16" 

Preheat 

TS^F 

75°F 

Electrode  Diameter 

0.045" 

0.045" 

Polarity 

DCRP 

DCRP 

Gas  Flow  Rate 

60cf/h 

60cf/h 

The  effect  of  metal  transfer  mode  and  shield  gas  composition  on  the  resulting  weld  bead  profiles  were  determined 
Figure  28  shows  cross  sections  of  welds  made  with  rotational  metal  transfer.  As  can  be  seen,  shield  gases  containing 
helium,  results  in  welds  with  deposition,  finger-like  penetration.  The  Ar/5%  CO2  weld  has  a  nice  hemispherical  profile 
with  good  penetration,  and  the  Ar/5%  O2  has  a  broad,  shallow  bead  profile. 

Conversely,  when  welding  in  the  spray  transfer  mode  (Figure  29),  the  effect  of  shield  gas  composition  is  reversed. 
The  weld-containing  helium  exhibits  the  shallowest  and  broadest  penetration,  and  both  of  the  nonhelium-containing 
welds  have  finger-like  penetration. 

When  welding  in  the  globular  transition  mode  (Figure  30),  the  bead  profiles  are  much  more  similar  to  each  other. 
However,  the  helium  containing  gas  results  in  the  most  finger-like  appearance. 

Bead-on-plate  welds  were  made  with  rotational  metal  transfer  at  wire  feed  rates  of  from  1000  to  2000  ipm  in  100- 
unit  increments  using  Ar/5%  O2,  Ar/5%  CO2,  and  TIME  2  gas.  These  33  welds  were  radiographed  for  soundness.  The 
Ar/5%  O2  and  TIME  2  welds  had  very  slight  porosity  (level  G1  fine  scattered  porosity  as  per  ASTM  E390)  at  wire  feed 
rates  of  up  to  1800  ipm.  At  2000  ipm,  however,  both  gases  had  unacceptable  levels  of  porosity  (level  G5  elongated 
clustered  porosity  as  per  ASTM  K90).  The  Ar/5%  CO2  welds  exhibited  similar  porosity  except  that  the  welds  made  at 
1600  and  2000  ipm  had  level  G5  porosity  (but  1800  ipm  had  level  Gl). 

It  was  found  that  cold  lap  was  a  problem  for  nonpreheated  plates  whenever  the  wire  feed  rate  was  greater  than 
1200  ipm.  A  number  of  problems  were  also  encountered  with  lack  of  fusion  and  irregular  bead  appearance  when  groove 
welds  were  made  on  the  mechanical  test  specimens.  Also,  it  became  apparent  that  lack  of  shielding  gas  coverage  of  the 
high  temperature  weld  bead  is  a  problem  at  high  wire  feed  rates  and  that  a  trailing  shield  gas  cover  is  required.  Because 
of  the  problems  and  the  extensive  time  required  to  machine  specimens  from  the  53  Rc  base  material,  mechanical  proper¬ 
ty  determination  results  are  not  available  at  this  time. 

The  shielding  gas  composition  has  a  large  effect  on  the  weld  current  obtained  for  a  given  wire  feed  rate,  voltage, 
and  stickout.  Figure  31  illustrates  this  effect  for  three  gases.  As  can  be  seen,  the  current  required  for  a  given  wire  feed 
rate  is  lower  for  gas  mixtures  of  argon/helium;  namely,  that  more  helium  decreases  the  current  required  for  a  given  wire 
feed  rate,  voltage,  and  stickout.  It  was  also  found  that  increasing  the  oxygen  activity  in  the  arc  atmosphere  increases  the 
required  current. 


DISCUSSION 

When  all  other  welding  conditions  are  kept  constant,  and  the  wire  feed  rate  gradually  increased,  the  metal  transfer 
mode  will  change  from  short  circuiting,  to  globular,  to  spray,  to  rotational  (not  all  gases  will  exhibit  all  of  these  modes). 
In  general,  the  transition  from  short  circuiting  globular  and  from  globular  to  spray  is  at  a  well-defined  current  (or  w  ire 
feed  rate)  and  is  easily  distinguished.  However,  at  higher  feed  rates,  the  mode  changes  from  spray  to  cither  unstable 
spray,  unstable  rotational,  “quasi-stable  rotational,”  or  rotational.  This  transition  is  not  always  readily  distinguishable. 
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For  example,  for  a  gas  composition  of  95%  At/5%  O2,  a  1-3/16"  tip-to-work  distance  (Figure  1),  and  25  volts,  the 
metal  transfer  mode  will  change  from  stable  axial  spray  (with  the  classic  bell-shaped  arc  and  very  smooth  small  droplet 
transfer)  to  stable  spray  with  intermittent  fluctuations.  The  intermittent  fluctuations  appear  to  be  short  circuiting  trans¬ 
fer  due  to  the  high  feed  rate  forcing  the  electrode  into  the  weld  pool  before  completely  melting.  The  fluctuations  do  not 
appear  to  be  due  to  oxide  buildup  or  any  other  form  of  electrode  contamination.  As  the  feed  rate  is  increased,  the  fluc¬ 
tuations  appear  more  frequently  with  a  corresponding  increase  in  spatter,  until  the  transfer  becomes  completely 
unstable  with  no  rotational  transfer  ever  occurring. 

If  the  voltage  in  the  previous  example  (Figure  1 )  is  increased  to  40  volts,  the  arc  length  is  increased  substantially. 

In  this  case,  the  metal  transfer  will  go  from  stable  spray  to  spray  without  the  classic  bell-shaped  arc  to  a  quasi-stable  rota¬ 
tional  transfer  as  the  wire  feed  rate  is  increased.  Since  the  arc  length  is  longer,  no  intermittent  short  circuiting  will  occur. 

Although  it  is  known  that  the  metal  transfer  mode  will  transfer  from  spray  to  rotational,  there  is  little  information 
on  the  nature  of  this  transition.  Whereas  the  globular-to-spray  transition  is  sudden,  the  spray-to-rotational  (or  unstable 
spray)  transition  is  quite  gradual.  Thus,  the  regions  labeled  as  “spray”  in  the  figures  represent  welding  conditions  which 
result  in  a  very  stable  axial  spray  with  no  intermittent  fluctuations  or  spatter.  It  is  possible  to  make  sound  weld  deposits 
in  the  rotational  region  without  arc  instability,  however,  there  may  also  be  a  higher  risk  of  welding  defects. 

In  the  present  research,  the  globular,  spray,  and  rotational  regions  were  mapped  out  for  seven  different  gas  mix¬ 
tures.  The  uncertainty,  or  error  bars,  for  all  of  the  data  in  Figures  1  through  20  is  approximately  ±  50  ipm. 

The  globular-to-spray  transition  occurs  for  all  gas,  nozzle,  and  stickout  combinations  at  about  the  same  wire  feed 
rate.  The  addition  of  hehum,  or  use  of  lower  stickout,  can  increase  this  slightly  at  higher  voltages,  but  not  significantly. 

The  spray-to-rotation  transition  varies  much  more  as  a  function  of  gas  and  stickout.  Actually,  the  transition  will 
usually  be  from  spray  to  unstable  spray  (spray  with  occasional  “fluttering”  or  radical  changes  in  arc  length),  then 
unstable  spray  to  unstable  rotational  (rotating  arc  with  occasional  long  arc  length  spray  transfer),  then  unstable  rotation- 
to-stable  rotation,  and  finally  stable  rotation  to  a  different  type  of  unstable  rotation  (rotating  arc  with  occasional  short 
circuiting).  These  regions  are  schematically  illustrated  in  Figure  30.  However,  since  these  various  high  current  transi¬ 
tions  are  so  subtle,  and  vary  as  a  function  of  voltage,  gas,  base  metal,  filler  metal,  joint  geometry,  and  stickout,  this 
research  has  only  mapped  out  the  spray  to  “nonspray”  (hereafter  referred  to  as  rotational)  metal  transfer  transition. 

Normally,  the  spray-to-rotalional  transition  current  is  not  exceeded  because  spray  transfer  is  very  stable,  quiet,  and 
defect  free.  However,  welding  in  the  rotation  transfer  mode,  often  referred  to  as  high  current  density  (HCD),  can  alKtw 
the  use  of  much  greater  deposition  rates. 

At  the  1-3/16"  stickout,  the  argon/oxygen  gas  mixtures  had  the  lowest  spray  rotational  transition.  The  Ar/2%  O: 
only  maintained  a  spray  transfer  until  600  ipm.  The  Ar/5%  O2  add  a  lower  transition,  but  was  the  only  gas  able  to  main¬ 
tain  a  spray  at  25  volts.  The  use  of  95%  Ar/5%  CO2  increased  the  transition  substantially  over  the  95%  Ar/5%  Q2. 

The  addition  of  helium  to  either  Ar/02,  Ar/C02,  or  At/O^COz  mixtures  increases  the  spray  rotational  transition  as 
shown  in  Figures  4  through  7.  The  TIME  2  gas  exhibited  the  highest  transition  feed  rate  of  almost  1000  ipm  at  40  volts, 
but  became  very  unstable  at  44  volts.  The  65%  Ar/25%  He/10%  CO2  mixture  appeared  to  be  the  most  stable,  and  volt¬ 
age  variation  had  little  effect  on  the  transition  feed  rate  of  800  ipm. 

The  use  of  the  TIME  torch,  shown  in  Figures  8  through  15,  seemed  to  have  little  effect  at  this  stickout  with  two 
c.xccptions.  The  TIME  torch  stabilized  the  TIME  2  gas  at  44  volts,  thus  providing  the  highest  spray  deposition  rales  at 
this  stickout.  However,  the  engineers  at  GD  had  difficulty  reproducing  this  effect.  Also,  the  TIME  torch  allowed  much 
higher  spray  feed  rates  for  95%  Ar/5%  O2,  but  sacrificed  the  ability  to  spray  at  lower  voltages.  The  use  of  the  TIME 
torch  in  production  conditions  has  also  resulted  in  some  cases  of  excess  porosity. 

The  use  of  lower  stickouts  (3/4")  was  evaluated  for  three  gases  and  both  torches.  With  the  standard  torch,  lower 
stickouts  increased  the  range  of  spraying  conditions  for  Ar/02  and  Ar/C02,  but  slightly  decreased  the  range  for  both 
TIME  1  and  TIME  2  gases.  The  TIME  torch  had  virtually  no  effect  or  an  adverse  affect  on  the  spray-to-rotalional  tran¬ 
sition  at  the  lower  stickout. 
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Throughout  this  study,  the  effect  of  gas  composition  on  transition  wire  feed  rates  for  the  various  modes  of  metal 
transfer  were  evaluated.  Normally,  transition  currents  are  discussed  in  the  literature.  The  reason  for  the  use  of  wire 
feed  rates  in  this  study  is  because  we  are  primarily  interested  in  maximizing  the  allowable  deposition  rate  and  the  endur¬ 
ing  cost  savings.  Maximizing  the  transition  current  can  give  a  misleading  impression.  For  example,  the  spray-to-rotation- 
al  transition  current  at  40  volts  and  1-3/16"  stickout  is  about  340  amps  for  Ar/5%  O2,  and  330  amps  for  Ar/5%  CO2.  The 
higher  transition  current  of  Ar/5%  O2  does  not  correlate  with  the  higher  transition  wire  feed  rate  of  Ar/5%  CO2. 

The  amount  of  diffusible  hydrogen  was  found  to  vary  substantially  with  the  gas  and  base  metal  composition.  Figure 
21  shows  that  welds  made  with  pure  argon  have  the  lowest  amount  of  hydrogen.  Figures  22  and  23  show  that  adding  2  to 
10%  CO2  increases  the  amount  of  hydrogen,  and  that  adding  2  to  5%  O2  increases  the  amount  of  hydrogen  even  more. 
Figure  24  shows  that  adding  helium  increases  the  amount  of  hydrogen  most  of  all. 

Previous  research  by  Gedeon^  has  shown,  through  the  use  of  Fe-C-H-O  phase  diagrams,  that  hydrogen  is  more 
readily  absorbed  by  the  weld  pool  when  combined  with  oxygen  in  the  arc  atmosphere  to  form  H2O.  In  other  words, 

H2O  is  more  readily  absorbed  than  H2  due  to  the  high  afTirmity  of  liquid  iron  for  oxygen.  Carbon  dioxide  (CO2)  will 
break  down  in  the  high  temperature  region  of  the  arc  into  CO  +  O2.  There  will  then  be  partial  pressures  of  H2O,  O2, 
CO,  and  H2.  The  H2O  will  be  absorbed  more  readily  than  the  H2;  thus,  welds  made  with  CO2  gas  mixtures  will  absorb 
less  hydrogen  than  those  made  with  O2  mixtures. 

Helium  increases  the  arc  plasma  temperature  and  decreases  arc  stability.  It  is  postulated  that  the  more  violent 
action  of  the  weld  pool  exposes  more  weld  pool-free  surface  to  the  hydrogen-containing  arc  atmosphere,  thus  increasing 
the  absorbed  hydrogen.  It  is  also  possible  that  the  increased  temperature  of  the  arc  plasma  results  in  more  monatomic 
hydrogen  available  to  strike  the  weld  pool  surface.  (Monatomic  hydrogen  is  absorbed  more  readily  than  diatomic 
hydrogen.^) 

The  primary  question  remaining  is  “What  is  the  maximum  allowable  wire  feed  rate?”  This  is  a  complicated  ques¬ 
tion  and  the  answer  will  depend  on  the  specific  application. 

If  spray  transfer  is  desired,  then  this  study  has  shown  exactly  how  the  maximum  wire  feed  rate  depends  on  gas  com¬ 
position.  Since  the  helium  containing  gases  absorbed  so  much  hydrogen,  the  optimum  gas  to  use  should  be  either  Ar/02 
or  Ar/C02.  Of  these,  the  Ar/5%  CO2  absorbs  the  least  hydrogen,  and  can  operate  at  the  highest  wire  feed  rate. 

If  rotational  metal  transfer  is  desired,  then  the  data  from  this  study  is  not  complete.  Each  gas  has  a  number  of 
regions  that  were  not  completely  mapped  out  in  the  study.  Figure  30  shows  an  example  of  what  this  map  would  look 
like.  As  can  be  seen,  the  arc  will  be  unstable  immediately  above  the  spray  to  rotational  transition  and  then  become 
stable  at  higher  currents  (feed  rates). 

If  the  “unstable  zone”  above  the  spray-to-rotation  transition  current  is  assumed  to  be  a  constant  300  ipm.  then 
Ar/5%  O2  will  be  stable  for  rotational  transfer  at  1000  ipm  (because  300  plus  the  transition  value  of  600  is  less  than  IDOO) 
whereas  Ar/5%  CO2  will  be  unstable  at  1000  ipm  (but  stable  at  1200  ipm). 

However,  once  the  wire  feed  rate  begins  to  approach  these  high  values,  the  ballistic  integrity  may  become  com¬ 
promised.  There  will  undoubtedly  be  some  maximum  heat  input  limitation  for  the  quench-and-tempered  armor  steels 
used  in  Ml  production.  General  Dynamics  has  ballistically  qualified  up  to  85  kj/in.  weld  heat  inputs.  Since  this  question 
has  only  recently  come  up,  there  is  little  data  to  show  what  the  maximum  allowable  heat  input  is.  This  question  has  been 
addressed  for  the  HY  series  steels,  and  must  now  be  researched  for  the  armor  steels  used  by  the  U.S.  Army. 

Another  consideration  is  that  the  rotational  transfer  may  “bump”  into  the  sides  of  groove  and  fillet  welds  during 
production  and  cause  weld  irregularities  and  defects.  Also,  the  use  of  a  trailing  shield  gas  may  be  needed  for  these 
higher  heat  inputs. 

There  may  be  better  ways  of  increasing  deposition  rate  (and  thus  productivity).  A  weave  technique  may  prove 
worthwhile,  as  may  higher  diameter  filler  metals.  These  questions  should  be  addre.ssed  in  a  future  study. 


5.  GEDEON.  S.  A.  Hydrogen  Assisted  Cracking  of  High  Strength  Steel  Welds.  U.  S.  Army  Materials  Technology  Laboratory. 
MTLTR88-11,  May  1988. 
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SUMMARY 


The  globular,  spray,  and  rotational  metal  transfer  regions  were  mapped  as  a  function  of  wire  feed  rate  and  voltage. 
This  was  performed  for  seven  ga^  mixtures  at  two  stickouts  (contact  tip-to-work  distance)  and  two  nozzle  geometries. 

For  large  stickouts  (1-3/16"),  gas  mbctures  containing  25-35%  helium  were  able  to  maintain  a  stable  axial  spray 
transfer  for  bead-on-plate  welds  at  the  highest  wire  feed  rates.  This  amounts  to  deposition  rates  of  about  23  pounds  per 
hour  (with  0.045'’-diameter  electrodes).  Ar/5%  02  was  able  to  spray  at  the  widest  range  of  voltages,  but  at  much  lower 
wire  feed  rates. 

The  patented  TIME  torch  nozzle  slightly  increased  the  maximum  spray  wire  feed  rates  for  a  few  gases  at  high  stick¬ 
outs  but  had  no  effect  or  an  adverse  affect  at  lower  stickouts. 

Welds  made  with  the  Ar/2-10%  CO2  gas  mixtures  absorb  the  least  amount  of  hydrogen.  Welds  made  with  Ar/2-5''7 
O2  absorb  slightly  more.  The  TIME  gas  results  in  welds  with  approximately  twice  the  amount  of  diffusible  weld 
hydrogen.  The  greater  weld  hydrogen  contents  of  the  TIME  gas  welds  could  potentially  result  in  hydrogen  cracking 
problems.  The  addition  of  helium  is  responsible  for  the  large  amount  of  absorbed  hydrogen. 

The  results  of  this  project  she-  ’  that  a  number  of  lower  cost  gases  exist  which  are  as  good  or  better  than  the  TIME 
gas.  General  Dynamics  has  performed  mechanical  and  ballistic  tests  using  Ar/5%  O2,  TIME  (Ar/He/C02/02),  and 
ST ARGON  (Ar/C02/02),  and  has  taken  steps  to  use  95%  Ar/5%  O2  throughout  their  entire  facility.  This  will  amount 
to  an  estimated  cost  savings  of  approximately  $1  million  per  year,^  which  is  documented  in  the  Appendix. 

Bead  profiles  were  examined  as  a  function  of  transfer  made  and  shielding  gas  composition.  During  rotational  trans¬ 
fer,  helium  causes  deeper  finger-like  penetration,  and  Ar/5%  CO2  had  a  well-rounded  bead  profile.  During  spray  trans¬ 
fer,  the  penetration  did  not  vary,  but  helium  caused  a  more  well-rounded  profile  (as  is  reported  in  the  literature). 

During  the  globular  transfer,  the  helium  acts  to  promote  finger-like  penetration  and  increase  penetration.  These  effects 
have  never  before  been  documented  and  are  not  understood  at  this  time. 

Bead-on-plate  welds  were  made  with  rotational  transfer  at  wire  feed  rates  of  up  to  2000  ipm.  Radiography  showed 
that  level  G5  clustered  porosity  can  occur  at  rates  of  over  1600  ipm  for  all  of  the  gas  mixtures  tested.  However,  the 
ability  to  make  sound  groove  or  fillet  welds  remains  to  be  determined.  Another  consideration  for  the  very  high  current 
welds  is  that  trailing  shield  gas  coverage  is  required. 

The  maximum  possible  deposition  rate  allowable  for  armor  steel  welding  is  still  unknown  at  this  time.  Future  work 
should  address  this  issue  based  on  the  findings  of  the  present  study. 

RECOMMENDATIONS 

1.  Due  to  the  lower  cost  and  high  performance  of  Ar/02  and  Ar/C02  gas  mixtures,  it  is  recommended  that  the 
General  Dynamics  proposal  to  replace  TIME  gas  with  Ar/5%  O2  be  approved. 

2.  TIME  gas  and  other  helium-containing  shield  gases  may  not  be  a  good  choice  for  welding  armor  steel  due  to  the 
potentially  large  amount  of  absorbed  hydrogen  that  they  promote. 

3.  Of  the  gases  studied,  Ar/5%  CO2  appears  to  be  the  best  choice  of  shielding  gas  for  welding  with  spray  transfer, 
as  determined  by  the  low  absorbed  hydrogen  and  high  wire  feed  rate.  The  optimum  gas  for  welding  with  rotational 
metal  transfer  has  not  been  determined. 

4.  A  further  study  should  be  performed  to  determine  the  maximum  acceptable  weld  heat  input  and  wire  feed  rate 
for  rotational  transfer.  This  future  study  will  need  to  assess  production  factors  which  may  limit  the  use  of  rotational 
metal  transfer. 


“  Personal  communication  with  J.  L.  Sherman,  General  Dynamics  Land  Systems  Division,  August  1987. 
t  Personal  communication  with  F.  Ade,  General  Dynamics  Land  Systems  Division,  September  1987. 
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Rgure  2.  Metal  transfer  regions  for  95%  Ar/5%  Oa 
(standard  torch,  1-3/16'  stickout). 
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Figure  3.  Metal  transfer  regions  for  95%  Af/5%  COz 
(standard  torch,  1-3/16“  stickout). 


Rgure  4.  Metal  transfer  regions  for  70%  Af/25%  He/5%  C02 
(standard  torch,  1-3/16’  stickout). 
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Figure  5.  Metal  transfer  regions  for  65%  Ar/25%  He/10%  C02 
(standard  torch,  1-3/16“  stickout). 


Rgure  6.  Metal  transfer  regions  for  TIME  1 
(standard  torch,  1-3/16"  stickout). 
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Rgure  9.  Metal  transfer  regions  for  95%  Ar/5%  O2 
(TIME  torch,  1-3/16' stickout). 


Rgure  10.  Metal  transfer  regions  for  95%  Ar/5%  CO2 
(TIME  torch.  1-3/16"  stickout). 
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Rgure  12.  Metal  transfer  regions  for  70%  Ar/25%  He/10%  C02 
(TIME  torch.  1-3/16'  stickout). 
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Rgure  21 .  Diffusible  hydrogen  as  a  function  of  hydrogen  in  the  GMAW  shielding  gas. 
Curves  depict  Ar  with  0%,  2%,  and  5%  oxygon  (A36,  AWS). 
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Figure  22.  Diffusible  hydrogen  as  a  function  of  percent  hydrogen  in  a  shielding  gas  with 
different  amounts  of  carbon  dioxide  in  argon  (A36,  AWS). 
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Figure  25.  Diffusible  hydrogen  versus  hydrogen  in  pure  argon  shielding 
gas  for  A36  and  46100  steel. 


Rgure  26.  Diffusible  hydrogen  versus  hydrogen  in  Ar/2%  02  shielding 
gas  for  A36  and  46100  steel. 
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Rgure  30.  Weld  bead  profile  of  globular  transfer  welds  (230  ipm  wire 
feed  rate,  24V,  3/4*  stickout,  heat  Input  held  at  9.5  kJ/in.). 
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Rgure  31 .  The  effect  of  gas  composition  on  the  current 
as  a  function  of  wire  feed  rate  (40V,  28  ipm  travel  speed, 
1-3/16"  stickout). 
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Rgure  32.  Schematic  diagram  of  unstable  regions. 
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APPENDIX.  VALUE  ENGINEERING  STUDY  REPORT  (VESTU  86.GCM-127) 

1.  Title:  Reduce  Weld  Fabrication  Cost 


2.  System  Effected: 

Ml  Series  Tank 

3.  Present  System: 

The  Transferred  Ionized  Molten  Energy  (TIME)  gas,  a  patented  Canadian  welding 
gas/nozzle  combination,  is  being  used  extensiyely  in  the  welding  of  the  MlAl  hull  and 
turret  structures  at  the  LATP.  The  gas  has  been  claimed  to  allow  much  greater  weld 
deposition  rates  than  previously  used  gasses.  In  addition,  welds  produced  using  this  gas 
have  shown  acceptable  weld  quality  and  ballistic  performance.  The  basic  composition  of 
TIME  gas  consists  of  a  primary  4-part  gas  mix  of  66  percent  AR,  25.5  percent  HE,  8 
percent  CO2  and  0.5  percent  O^.  The  only  draw  back  in  using  this  gas  mixture  is  that 
the  U.S.  Army  is  being  forced  to  pay  an  exorbitant  fee  for  a  patented  welding  gas 
manufactured  in  Canada.  Similar  gases  manufactured  in  the  United  States  cost  much 
less.  Also,  for  national  security  reasons,  a  U.S.  manufactured  welding  gas  is  preferred. 

4.  Alternatives  Analyzed: 

Since  the  TIME  gas  is  proprietary,  it  is  considerably  more  expensive  than  similar  gas 
mixtures  manufactured  in  U.S.  Therefore,  cost  reductions  may  be  achieved  if  another 
gas  mixture  comparable  in  composition  demonstrates  as  good  ballistic  and  weld 
performance  as  the  TIME  gas. 

In  February  1986  the  U.S.  Army  and  GDLS  personnel  decided  reluctantly  (by  the  Army) 
to  approve  the  use  of  TIME  gas  with  the  understanding  that  a  research  project  be 
carried  out  to  find  a  lower  cost  and  reliable  (compositional  variations  are  not  well 
controlled  and  the  gas  comes  from  Canada)  gas  than  the  TIME  gas.  At  the  lime  of  the 
approval,  GDLS  was  already  set  up  to  use  the  TIME  gas.  GDL  personnel  in 
attendance  agreed  that  this  was  the  best  course  of  action  but  declined  to  do  the 
research  themselves. 

The  research  project  to  find  a  lower  cost  alternative  to  TIME  welding  gas  was  initiated 
by  Dr.  Steven  Gedeon  at  U.S.  Army  Materials  Technology  Laboratory,  Watertown,  MA 
with  VE  funding  support  (5105,000)  from  TACOM  (End  1).  This  project  was  initiated 
in  October  1986  and  preliminary  results,  released  in  September  1987,  showed  that  a 
number  of  lower  cost  gases  exist  which  are  as  good  or  better  than  TIME  gas.  GDLS 
has  performed  mechanical  and  ballistic  tests  on  a  number  of  these  gases  and  has  taken 
steps  to  use  a  two  gas  mix  of  95%  AR/5%  O^,  known  as  M5,  throughout  their  entire 
LATP  facility. 

This  will  amount  to  an  estimated  cost  savings  of  approximately  51  million  per  year. 

5.  Recommendation: 

It  is  recommended  that  the  new  lower  cost  two  gas  mix  95%  AR/5%  O2  alternative  to 
the  TIME  gas  be  approved  for  use  in  MlAl  tank  fabrication  at  LATP  to  realize 
significant  cost  savings. 
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6.  Impact: 

a.  Improve  productivity. 

b.  Eliminate  duplication. 

c.  Achieve  lower  cost. 

7.  Implementation: 

GDLS  Inter-office  Memo:  R.  Kratzenberg  to  C.  Brown,  25  Mar  87,  subject:  HCD 
(WP-008)  Proficiency  Testing;  GDLS  Inter-office  Memo:  R.  Kratzenberg  to  all  LATP 
welders,  3  Sep  87,  subject:  Shielding  Gas  Change-over  (End  2  and  3). 

8.  Summarize  Offset  Costs: 

Manhours  Cost 


a.  Conduct  VE  (prepare,  process,  develop  support  data)  100  S2,500 

one  manhour  =  S25.00 

b.  Project  cost  (research  and  development)  105.100 

TOTAL  OFFSET  COST  $107,600 


9.  Summarize  Estimated  Cost  Savings: 

a.  Unit  cost  reduction 

S98.83/cylinder  TIME  gas  per  Bob  Kratzenberg,  GDLS  @  LATP 

(419-226-4267) 

-S12.38/cvlinder  95%  AR/5%  O2  or  M5  per  Bob  Kratzenberg,  GDLS  @  LATP 
S86.45/cylinder 

b.  Savings  to  be  reported  to  TACOM 

(1)  First  year  (current)  net  savings:  October  1987  -  October  1988.  12000 
cylinders  of  TIME  gas  were  utilized  annually,  prior  to  conversion,  to  build  820  MlAl  or 
14.64  cylinders/tank  per  Bob  Kratzenberg,  GDLS  @  LATP  (419)  226-4267. 

After  conversion  794  MlAl  will  be  built  in  the  12-month  period  beginning  Oct  1987 
(End  4). 

794  tanks  X  14.64  cylinder/tank  =  11624  cylinders  of  M5  (95%AR/5%  Oj)  will  be  used. 

The  purchase  of  M5  welding  gas  will  be  in  bulk  quantity  of  equivalent  amount  to 
achieve  additional  cost  savings. 

(No.  of  units)  X  (unit  cost  reduction)  -  (offset  costs). 

(11624)  X  (S86.45)  -  ($107,600)  =  $897,294  net  savings. 
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(2)  2nd  year  (budget)  net  savings:  Oct  1988  -  Oct  1989. 


% 


I 


720  MlAl  will  be  built  in  the  12-month  period  beginning  Oct  1988  (Enel  4). 

720  Tank  X  14.64  cylinders/tank  =  10541  cylinders  of  M5  will  be  used. 

(No.  of  units)  X  (unit  cost  reduction)  -  (offset  costs). 

(10541)  X  (S86.45)  -  (0)  =  $911,269  net  savings. 

(3)  3rd  year  (Future  Budget)  net  savings:  Oct  1989  -  Oct  1990. 

718  MlAl  will  be  built  in  the  12-month  period  beginning  Oct  1989  (Enel  4). 

718  Tanks  X  14.64  cylinders/tank  =  10,512  (flinders  of  M5  will  be  used. 

(No.  of  units)  X  (unit  cost  reduction)  -  (offset  costs). 

(10,512)  X  ($86.45)  -  (0)  =  $908,762  net  savings. 

10.  Fundina/Budeet  Data: 

a.  Budget  activity  (AMS  codes)  that  offset  costs  are  charged  to:  PAA 

b.  Appropriation  and  budget  activity  that  benefits  from  the  VE  savings:  PAA. 

11.  Study  documents  enclosed. 

12.  Individuals  that  conducted  the  VESTU  are: 


Don  Kendall,  AMCPM-ABMS-SA 
Dr.  Steven  Gedeon  SLCMTjJ^CD-E 

Report  prepared  by:  J  ft  7 

Frank  Wong,  AMSTA-T^WV  ^ 

Gintaras  Ju^a,  AMCPM-ABN^-SI 

Concurrence: ^  ^  J 

Te/ry  Dean,  AMCPM-ABMS-SA 

Concurrence: 


VE  Coordinator: 


A]  Levitt,  SLCMT-MCD-E,  U.S.  Army 
Materials  Technology  Laboratory 
Watertown,  MA 
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1  Office  of  the  Under  Secretary  of  Defense  for  Research  and  Engineering, 
The  Pentagon,  Washington,  DC  20301 


Comtnander,  U.S.  Army  Laboratory  Command,  2800  Powder  Mill  Road,  Adelphi, 
MO  20783-1145 

1  ATTN:  AMSLC-IM-TL 

Commander,  Defense  Technical  Information  Center,  Cameron  Station, 
Building  5,  5010  Duke  Street,  Alexandria,  VA  22304-6145 

2  ATTN:  DTIC-FDAC 

Metals  and  Ceramics  Information  Center,  Battelle  Columbus  Laboratories, 
505  King  Avenue,  Columbus,  OH  43201 
1  ATTN:  Harold  Mindlin 

Commander,  Army  Research  Office,  P.O.  Box  12211,  Research 
Triangle  Park,  NC  27709-2211 
1  ATTN:  Information  Processing  Office 

Commander,  U.S.  Army  Materiel  Command  (AMC), 

5001  Eisenhower  Avenue,  Alexandria,  VA  22333 
1  ATTN:  AMCLO 

Commander,  U.S.  Army  Materiel  Systems  Analysis  Activity, 

Aberdeen  Proving  Ground,  MD  21005 
1  ATTN:  AMXSY-MP,  Director 

Commander,  U.S.  Army  Missile  Conmand,  Redstone  Scientific 
Information  Center,  Redstone  Arsenal,  AL  35898-5241 

1  AHN:  AMSMI-RO-CS-R/Doc 

Commander,  U.S.  Army  Armament,  Munitions  and  Chemical  Command,  Dover, 

NJ  07801 

2  ATTN:  Technical  Library 

Commander,  U.S.  Army  Tank -Automotive  Command,  Warren,  MI  48397-5000 

1  ATTN:  AMSTA-ZSK 

2  AMSTA-TSL,  Technical  Library 

1  AMSTA-RCK 

Commander,  U.S.  Army  Foreign  Science  and  Technology  Center,  220  7th 
Street,  N.E.,  Charlottesville,  VA  22901 
1  ATTN:  Military  Tech 

Director,  Eustis  Directorate,  U.S.  Army  Air  Mobility  Research  and 
Development  Laboratory,  Fort  Eustis,  VA  23604 
1  AHN:  SAVDL-E-MOS  (AVSCOM) 

1  SAVOL-EU-TAP 

U.S.  Army  Aviation  Training  Library,  Fort  Rucker,  AL  36360 
1  ATTN:  Building  5906—5907 

Commander,  U.S.  Army  Aviation  Systems  Command,  4300  Goodfellow 
Boulevard,  St.  Louis,  MO  63120 
1  ATTN:  AMOAV-EGX 
1  AMDAV-EX,  Mr.  R.  Lewis 

1  AMDAV-EQ,  Mr.  Crawford 

2  AMCPM-AAH-TM,  Mr.  R.  Hubbard,  Mr.  B.  J.  Baskett 

1  AMOAV-OS,  Mr.  W.  McClane 

Naval  Research  Laboratory,  Washington,  DC  20375 
1  AHN:  Code  5830 
1  Code  2627 


No.  of 
Copies 


To 


Chief  of  Naval  Research,  Arlington,  VA  22217 
1  ATTN:  Code  471 

Director,  Structural  Mechanics  Research,  Office  of  Naval  Research, 

800  North  Quincy  Street,  Arlington,  VA  22203 
1  ATTN:  Dr.  M.  Perrone 

1  Edward  J.  Morrissey,  AFWAL/MLTE,  Wright  Patterson  Air  Force  Base, 

OH  45433 

Conmander,  U.S.  Air  Force  Wright  Aeronautical  Laboratories, 
Wright-Patterson  Air  Force  Base,  OH  45433 
1  ATTN:  AFWAL/MLC 

1  AFWAL/MLLP,  D.  M.  Forney,  Jr. 

1  AFWAL/MLBC,  Mr.  Stanley  Schulman 

1  AFWAL/MLXE,  A.  Olevitch 

National  Aeronautics  and  Space  Administration,  Marshall  Space  Flight 
Center,  Huntsville,  AL  35812 
1  ATTN:  R.  J.  Schwinghatnmer,  EHOl,  Dir,  M&P  Lab 
1  Mr.  W.  A.  Wilson,  EH41,  Bldg.  4612 

Chief  of  Naval  Research,  Washington,  DC  20350 
1  ATTN:  OP-987,  Director 

Aeronautical  Systems  Division  (AFSC),  Wright-Patterson  Air  Force  Base, 
OH  45433 

1  ATTN:  ASD/ENFEF,  0.  C.  Wight 
1  ASD/ENFTV,  D.  J.  Wallick 

1  ASO/XRHD,  G.  B.  Bennett 

Air  Force  Armament  Laboratory,  Eglin  Air  Force  Base,  FL  32542 
1  ATTN:  AFATL/DLYA,  V.  0.  Thornton 

Air  Force  Flight  Dynamics  Laboratory,  Wright-Patterson  Air  Force  Base, 
OH  45433 

1  ATTN:  AFFDL/FIES,  J.  Sparks 
1  AFFDL/FIES,  J.  Hodges 

1  AFFDL/TST,  Library 

Air  Force  Test  and  Evaluation  Center,  Kirtland  Air  Force  Base, 

NM  87115 

1  AHN:  AFTEC-JT 

NASA  -  Ames  Research  Center,  Army  Air  Mobility  Research  and  Development 
Laboratory,  Mail  Stop  207-5,  Moffett  Field,  CA  94035 
1  ATTN:  SAVDL-AS-X,  F.  H.  Immen 

NASA  -  Johnson  Spacecraft  Center,  Houston,  TX  77058 
1  ATTN:  JM6 
1  ES-5 

Naval  Air  Development  Center,  Warminster,  PA  18974 
1  ATTN:  Code  063 
1  Code  6062 


Naval  Air  System  Command,  Department  of  the  Navy,  Washington,  DC  20360 
1  ATTN:  AIR-03PAF 
1  AIR-5203 

1  AIR-5164J 

1  AIR-530313 

Naval  Post  Graduate  School,  Monterey,  CA  93948 
1  AHN:  Code  57BP,  R.  E.  Ball 


No.  of 
Copies 


To 


Naval  Surface  Weapons  Center,  Dahlgren  Laboratory,  Dahlgren,  VA  22448 
1  ATTN:  Code  G-54,  Mr.  J.  Hall 
1  Code  G-54,  Dr.  B.  Smith 

Commander,  Rock  Island  Arsenal,  Rock  Island,  IL  61299 
1  ATTN:  AMSAR-PPV 

Armament  Systems,  Inc.,  712-F  North  Valley,  Anaheim,  CA  92801 
1  ATTN:  J.  Musch 

Beech  Aircraft  Corporation,  9709  E.  Central  Avenue,  Wichita,  KS  67206 
1  ATTN:  Engineering  Library 

Bell  Helicopter  Company,  A  Textron  Company,  P.O.  Box  482, 

Fort  Worth,  TX  76101 
1  ATTN:  J.  R.  Johnson 

Boeing  Vertol  Company,  A  Division  of  the  Boeing  Company,  P.O.  Box  16858, 
Philadelphia,  Philadelphia,  PA  19142 
1  AHN:  J.  E.  Gonsalves,  M/S  P32-19 

1  Cessna  Military,  P.O.  Sox  7704,  Wichita,  KS  67277-7704 

Fairchild  Industries,  Inc.,  Fairchild  Republic  Company,  Conklin  Street, 
Farmingdale,  Long  Island,  NY  11735 
1  ATTN:  Engineering  Library,  G.  A.  Mauter 

FMC  Corporation,  Central  Engineering  Labs,  1185  Coleman  Avenue,  Box  80, 
Santa  Clara,  CA  95052 
1  ATTN:  Gary  L.  Boerman 

FMC  Corporation,  Ordnance  Division,  1105  Coleman  Avenue,  Box  1201, 

San  Jose,  CA  95108 
1  ATTN:  William  H.  Altergott 

General  Dynamics  Corporation,  Convair  Division,  P.O.  Box  80877, 

San  Diego,  CA  92138 
1  ATTN:  Research  Library 

Gruman  Aerospace  Corporation,  South  Oyster  Bay  Road,  Bethpage,  NY  11714 
1  ATTN:  Technical  Information  Center,  J.  Davis 

McDonnell  Douglas  Helicopter  Co.,  5000  East  McDoweell  Road 
Mesa,  AZ  85205-9797 
1  ATTN:  Library 
1  Mr.  A.  Hirko 

1  Mr.  L.  Soffa 

IIT  Research  Institute,  10  West  35th  Street,  Chicago,  IL  60616 
1  ATTN:  K.  McKee 

Kaman  Aerospace  Corporation,  Old  Winsor  Road,  Bloomfield,  CT  06002 
1  ATTN:  H.  L  Showalter 

Lockheed-Cal ifornia  Company,  A  Division  of  Lockheed  Aircraft  Corporation, 
Burbank,  CA  91503 

1  ATTN:  Technological  Information  Center,  84-40,  U-35,  A-1 

Vought  Corporation,  P.O.  Box  5907,  Dallas,  TX  75232 
1  AHN:  D.  M.  Reedy,  2-30110 

Martin  Marietta  Corporation,  Orlando  Division,  P.O.  Box  5837,  Orlando, 

FL  32805 

1  ATTN:  Library,  M.  C.  Griffith 


No.  of 

Copies  To 


McDonnell  Douglas  Corporation,  3855  Lakewood  Boulevard,  Long  Beach, 

CA  9D846 

1  ATTN:  Technical  Library,  Cl  290/36-84 

Northrop  Corporation,  Aircraft  Division,  3901  W.  Broadway,  Hawthorne, 

CA  90250 

1  ATTN:  Mgr.  Library  Services,  H.  W.  Jones 

Parker  Haffifin,  14300  Alton  Pkwy.,  Irvine,  CA  92718-1814 
1  ATTN:  C.  Beneker 

Sikorsky  Aircraft,  A  Division  of  United  Aircraft  Corporation,  Main  Street, 
Stratford,  CT  06601 
1  ATTN:  Mel  Schwartz,  Chief  of  Metals 

Teledyne  CAE,  1330  Laskey  Road,  Toledo,  OH  43697 
1  ATTN:  Librarian 

Georgia  Institute  of  Technology,  School  of  Mechanical  Engineering, 

Atlanta,  GA  30332 

1  ATTN:  Mechanical  Engineering  Library 

Lukens  Steel  Company,  Coateville,  PA  19320 
1  ATTN:  Dr.  E.  Hamburg 

1  Mr.  A.  Wilson 

Republic  Steel  Corporation,  410  Oberlin  Avenue  SW,  Massillon,  OH  44646 
1  ATTN:  Mr.  R.  Sweeney 

1  Mr.  W.  H.  Brechtel 

1  Mr.  T.  M.  Costello 

L.  Raymond  Associates,  P.O.  Box  7925,  Newport  Beach  CA  92658-7925 
1  ATTN:  Or.  L.  Raymond 

Ingersoll  Rand  Oilfield  Products  Division,  P.O.  Box  1101,  Pampa,  TX  79065 
1  ATTN:  Mr.  W.  L.  Hallerberg 

Brown  University,  Division  of  Engineering,  Providence,  RI  02912 
1  ATTN:  Prof.  J.  Duffy 

SRI  International,  333  Ravenswood  Avenue,  Menlo  Park,  CA  94025 
1  ATTN:  Dr.  D.  Shockey 

Illinois  Institute  of  Technology,  Metallurgical  and  Materials  Engineering 
Department,  Chicago,  IL  60616 
1  ATTN:  Dr.  Norman  Breyer 

1  Roger  Stanton,  SMCAR-AET-M,  Bldg.  355,  Picatinny  Arsenal,  Dover, 

NJ  07806-5000 

2  Dr.  Jack  H.  Devletian,  Department  of  Materials  Science  and  Engineering, 

Oregon  Graduate  Center,  19600  N.W.  Van  Neumann  Drive,  Beaverton, 

OR  97006-1999 

1  Dr.  Thomas  Eagar,  Department  of  Materials  Science  and  Engineering, 

MIT,  Cambridge,  MA  02139 

1  Dr.  Steven  A.  Gedeon,  via  delle  industrie,  39,  30175  Porto  Marghera-ve, 

Italy 

Director,  U.S.  Army  Materials  Technology  Laboratory,  Watertown,  MA  02172-0001 

2  ATTN:  SLCMT-TML 

2  Authors 


U  S.  Aftny  Materials  Technology  Laboratory  AD _  I  U  S.  Army  Materials  Technology  Laboratory 
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